Higher risk patient populations require continuous physiological monitoring and, in some cases, connected life-support systems, during magnetic resonance imaging examinations. While recently there has been a shift toward wireless technology, some of the magnetic resonance imaging devices are still connected to the outside using cabling that could interfere with the magnetic resonance imaging's radio frequency during scanning, resulting in excessive heating. We developed a passive method for radio frequency suppression on cabling that may assist in making some of these devices magnetic resonance imaging compatible. A barrel-shaped strongly paramagnetic choke was developed to suppress induced radio frequency signals which are overlaid onto physiological monitoring leads during magnetic resonance imaging. It utilized a choke placed along the signal lines, with a gadolinium solution core. The choke's magnetic susceptibility was modeled, for a given geometric design, at increasing chelate concentration levels, and measured using a vibrating sample magnetometer. Radio frequency noise suppression versus frequency was quantified with network-analyzer measurements and tested using cabling placed in the magnetic resonance imaging scanner. Temperature-elevation and imagequality reduction due to the device were measured using American Society for Testing and Materials phantoms. Prototype chokes with gadolinium solution cores exhibited increasing magnetic susceptibility, and insertion loss (S21) also showed higher attenuation as gadolinium concentration increased. Image artifacts extending \ 4 mm from the choke were observed during magnetic resonance imaging, which agreed well with the predicted ;3 mm artifact from the electrochemical machining simulation. An accompanying temperature increase of \ 1°C was observed in the magnetic resonance imaging phantom trial. An effective paramagnetic choke for radio frequency suppression during magnetic resonance imaging was developed and its performance demonstrated.
Introduction
During magnetic resonance imaging (MRI) diagnostic procedures and image-guided interventions, real-time physiological monitoring and patient assist devices, such as electrocardiograms (ECGs), are often required for cardiac patients or high-risk patients such as those with a history of ischemia or cardiovascular disease. [1] [2] [3] Single conductor and coaxial cables are often used to conduct these electromagnetic (EM) signals between probes on the subject and the accompanying bioinstrumentation. 4 In the environment of an MRI scanner, this presents a difficulty, as radio frequency (RF) signals are emitted from the MRI scanner during imaging and induce currents in the cabling, superimposing relatively high voltages. 4, 5 These voltage overlays can greatly reduce signal fidelity, damage hardware and data acquisition systems, and result in excessive heating. Placing cables inside the MRI environment makes the system susceptible to multiple issues: (1) items made of ferromagnetic components may be displaced by the strong (1.5 or 3 Tesla) static field (B0); (2) the magneticfield gradients used in MRI may induce currents in the cables (typically 20-9000 Hz); (3) the MRI sequence's RF pulses may induce Larmor frequency (typically 64 or 127 MHz) currents in the cables; and (4) imaging artifacts may result. 6, 7 Ferrite chokes are frequently used as a means for suppressing RF resulting from induced EM currents. They are largely constructed from ferromagnetic materials; mixtures of iron oxide particles with a secondary metal such as manganese or zinc are commonly used. [8] [9] [10] Current flowing through a single conductor wound around a ferrite core produces a magnetic field inside the ferrite, which is opposed by currents in the ferrite, attenuating the driving magnetic field. The currents in the ferrite dissipate once the inducing current subsides. As a result, ferrite beads or cylinders are commonly mounted in several locations on electrical cables that traverse regions of high EM interference.
In the MRI scanner environment, ferrite chokes cannot be used in close proximity ( . 10 Gauss lines, typically) to the scanner since the strong static magnetic field saturates the ferromagnetic cores, rendering them less effective, and there are also safety concerns due to the large forces exerted by the static field on the ferrites. Alternate solutions for reducing EM wave propagation exist (resonant RF traps, active decoupling, and transformers). [11] [12] [13] However, such approaches can be more difficult to implement and are more expensive than conventional ferrites. An in-expensive passive device which could be used in the MRI environment and provide effective RF suppression would therefore be quite useful, as a partial or full replacement, for the tools currently employed.
Materials and methods

Design specifications
In order to design MRI-conditional passive devices which suppress high frequency (RF) induced currents from MRI gradient ramps during imaging procedures in a manner similar to a ferrite bead, three design constraints must be met: (1) the component must be able to be used safely inside and in close proximity to the MRI scanner; 14 (2) the magnetic moment of the component must not saturate in the MRI static magnetic field, 15, 16 and thereby maintain efficacy inside and outside of the MRI bore; and (3) the currents flowing through the cables must be dissipated in the choke device to avoid patient thermal injuries. [17] [18] [19] In addition to the above design specifications for RF suppression in the MRI environment, the resultant device must meet practical geometric shape and size constraints in order to easily mate with standardly used cabling. The device must also allow uninhibited propagation of the desired signal waveforms, such as those obtained from multiple cables during an ECG recording (0-200 Hz). Another specification that must be taken into consideration is the artifact size of the choke in MR images, which would ideally be small (under ;5 mm).
Magnetic susceptibility of gadolinium chloride
As ferrite beads or cores are traditionally used for RF suppression in cabling, this study searched for a nonmagnetic alternative with similar suppression capabilities. Paramagnetic materials with a relatively high magnetic susceptibility were a prime target. Liquid solutions, whose paramagnetic material concentration can be easily controlled, can be placed in the core of a wound solenoidal inductor, and can dissipate heat easier than solids, seemed to be a good choice, such as liquid ferro-magnets which may be used in high-power commercial transformers. Since chelated forms of the gadolinium ion (Gd) are commonly used as MRI contrast materials (for perfusion or angiography purposes) because of their large magnetic susceptibility (x), they were a natural choice.
Gadolinium (III) chloride (GdCl 3 ) was chosen for the paramagnetic core due to its high solubility in water. We chose several concentrations of the GdCl 3 to test, in a range centered on the concentration of Gd in Magnevist, a commercially available product with welldocumented effects on MR images. We determined that 131.8 mg/mL of GdCl 3 yields approximately the same amount of paramagnetic Gd as Magnevist. 20, 21 Four concentrations of the Gd ion were examined based on the commercially available concentrations: (1) 0 mg/mL, (2) 66 mg/mL, (3) 132 mg/mL, and (4) 198 mg/mL.
A vibrating sample magnetometer (VSM) 22, 23 was used to assess magnetic susceptibility by magnetizing the sample in a uniform magnetic field (H * , kA/m) and measuring the material magnetization (M * , A/m). [22] [23] [24] Based on this relationship, the bulk magnetic susceptibility (dimensionless) is calculated as in equation (1) 
Choke design and MRI artifact estimation
In order to determine suitability for the MRI environment, and to maximize the inductor (choke) efficacy, the extent of the magnetic field generated beyond the physical dimensions of the device must be reduced, as this field would result in MRI artifacts and decrease the signal to noise ratio (SNR). The magnetic field of the prototype device was simulated using the Biot-Savart law. 25, 26 The Biot-Savart law describes the quasi-static approximation of the magnetic fieldB at positionr in the free space generated by a wire C with electrical current I (equation (2)). This approximation is accurate for RF provided that the wire distances involved are short relative to a wavelength
where m 0 is the magnetic permeability of free space,l is the position vector of an elementary segment of wire, and the current vector in it is Idl. As a result, the pointing vector fromB to the elementary current Idl isr Àl. From equation (2), the magnetic fieldB has contributions from all the current elements within the wire C. When the wire is wrapped in a solenoidal pattern onto a cylindrical core of magnetic permeability m, it becomes an inductive coil and the distribution of its induced magnetic fieldB can be calculated according to equation (2) and expressed in Cartesian coordinates [25] [26] [27] (equation (3))
where R is the radius, L is the length of the coil, and n is the number of turns in one-unit length of the coil (Figure 1(a) ). Looking at the simulation results, the magnetic field decays for 1-2 mm past the edge of the choke dying down to less than 5% by 3 mm from the edge compared to the ambient background, leading to a predicted artifact extensions of the same size (Figure 1(b) ). Based on the simulation, a paramagnetic core inductor was constructed using 15 AWG gage copper (magnet) wire wound parallel to a 1-cm diameter polytetrafluoroethylene (PTFE) tube containing 3 mL of the Gd solution at each of the three concentration levels ( Figure  1(c) ). Adjacent loops were spaced at 2 mm increments to reduce parasitic capacitance. External physical dimensions of the inductor were 1.3 cm outer diameter and a length of 6 cm. The solenoid assembly was placed in a rapid-prototyped ''barrel-choke'' shaped case containing SMA input and output RF connectors (Figure 1(d) ).
The RF performance of the Gd solutions was evaluated using a 1.3-GHz vector network analyzer (VNWA) (SDR, Wiltshire, UK). The VNWA characterized the two-port scattering parameters, with incident power into the device at ports 1 and 2 (a1, a2), and power exiting power in ports 1 and 2 (b1, b2) (equation (4))
S21 can be analyzed to obtain insertion loss over the choke in attenuation RF at the 3 T Larmor frequency (~128 MHz).
Performance during MRI
The Gd ion barrel-choke solution was designed for use with an MRI-conditional ECG acquisition system [1] [2] [3] 28 ( Figure 2(a) ). The MRI machine was a GE ''Signa HDx'' 16-channel machine with field strength 3 T, and a single loop coil. Also, a steady-state free precession (SSFP) pulse sequence was used and the phantom was scanned for 10 min using maximal allowed specific absorption rate (4 W/kg) and the maximal allowed magnetic field temporal change (20 T/s). Suppression of RF energy was assessed through monitoring of thermal and image SNR effects and was quantified according to the 3 T MRI American Society for Testing and Materials (ASTM) standards 29, 30 (Figure 2(b) ). A saline-filled human torso NEMA phantom was designed and constructed for placement in the MRI machine. The temperature increase in the phantom on the surface nearest to the electrodes was measured during MRI scans. Image artifact dimension was defined as a 530% change in pixel intensity in four test scenarios: (1) a control of just the phantom; (2) the phantom with ECG system attached and powered; (3) the phantom with the ECG system attached, powered, and actively recording data, and (4) the phantom with the ECG system attached, powered, recording, with the choke inserted inline. Comparison was made between before (baseline) and after the introduction of the choke. 30 SNR was measured from acquired MRI, as the ratio of the mean (and median) intensity value within a region at the center of the image including approximately 75% of the homogeneous phantom (I center ) and the standard deviation of intensity values obtained in a 40 3 40 pixel region in the image background (SD corner ) (equation (5))
Results
Magnetic susceptibility of gadolinium chloride
The GdCl 3 solution susceptibility was characterized using the VSM for the following concentrations: (1) 0 mg/mL, (2) 66 mg/mL, (3) 132 mg/mL, and (4) 198 mg/mL. An increase in magnetic susceptibility of the GdCl 3 solution was observed as the ion concentration in the solution increased (Figure 3 ). An increase in magnetic susceptibility of the solution was observed as the concentration was increased. There was also close agreement of the magnetic susceptibility obtained experimentally to the simulation performed for the same concentrations ( \ 2% error). The susceptibility observed at the two highest concentrations did not change dramatically, suggesting a plateau in performance as the solution neared saturation.
Choke design and MRI artifact estimation
From the simulated inductor, the magnetic field of the energized coil was simulated using the 198 mg/mL paramagnetic solution and a specified magnetic susceptibility of 7.36 3 10
25
. The generated magnetic field was predicted to rapidly deteriorate with increasing distance from the center, which should generate imaging artifacts only at distance of \ 2 mm (Figure 1(b) ) further from its physical boundary (radius).
Scattering parameter characterization of paramagnetic core inductive chokes was performed using the vector network analyzer, illustrating the practical performance of the device with frequency (Figure 4) . Examining the insertion loss (S21) of the prototype chokes, the chokes with GdCl 3 solution cores demonstrated much greater signal attenuation as frequency increased when compared to the control (water core). Insertion loss further increased with concentration with the control (water) presenting a loss of 17 dB, and a loss of 23, 26, and 29 dB for the 66, 132, and 198 mg/ mL solutions, respectively, at the Larmor frequency. These results lead to the 198 mg/mL solution being chosen as the most viable paramagnetic solution to use as an MRI conditional passive RF suppression choke for its high signal attenuation.
Performance during MRI
During the phantom studies, an average temperature increase of 0.5°C was observed with no Gd ion barrelchokes attached to the electrodes, while an average temperature decrease of 0.3°C was observed with the Gd ion barrel-chokes in-line with the electrodes over the course of a full 10 min of MRI ( Figure 5 ). Image SNR and susceptibility artifact size were quantified by connecting the choke to the phantom and introducing it into the region of interest, respectively ( Figure 6 ). Particularly of note is the noise from the powered ECG present near the bottom of the phantom (Figure 6(b) ). Noticeable bands of RF noise are present on the image of the phantom with the powered and recording ECG (Figure 6(c) ). When the prototype choke was connected inline to the powered recording ECG, a reduction in the noise was immediately visible on the image ( Figure  6(d) ). The SNR variation between the control image ( Figure 6(a) ) and the image with the prototype choke ( Figure 6(d) ) was ;7%. 
Discussion
The susceptibility of the device was experimentally measured using VSM, which demonstrated increasing susceptibility as Gd ion concentration increased, which agreed with the observed increase in insertion loss as Gd ion concentration increased as well. The choke performance followed expected trends as the simulation showed a minimum artifact being made by the choke (~3 mm), which was reflected in the imaging results. The choke also was shown to have minimal thermal effects in the phantom test, suggesting that the device is MRI-conditional. There was little observable visual artifacts on the image of the phantom with the prototype choke attached, as well as a small SNR variance when compared to the control image. This demonstrates the ability of the prototype choke to mitigate RF noise from physiological monitoring electronics and the role the choke could play in adapting different monitoring solutions for MR conditionality.
The use of the presented device maintains a low cost and level of affordability. In order to encourage adoption of the presented paramagnetic choke, further work should be performed to ensure that the presented design specifications can be met for a wide range of in-room MRI devices and MRI magnetic strengths.
The study itself was focused on quantifying device parameters and was conducted using phantoms; further testing with under a variety of MRI field strengths and sequences will be performed on a range of phantoms to further evaluate the choke performance in RF suppression and its thermal effects before moving to human subject trials. The three concentrations of Gd solution tested as cores for the choke are not comprehensive, and further optimization of the Gd solution used could help optimize RF suppression.
In conclusion, the design of a passive paramagnetic RF choke was tested with a network analyzer to evaluate for its insertion loss performance. Experiments were conducted in 3 T MRI to demonstrate minimal artifacts generated from the choke design as well as minimal heating effects.
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